ABSTRACT Eleven protein-DNA crystal structures were analyzed to test the hypothesis that hydration sites predicted in the first hydration shell of DNA mark the positions where protein residues hydrogen-bond to DNA. For nine of those structures, protein atoms, which form hydrogen bonds to DNA bases, were found within 1.5 Å of the predicted hydration positions in 86% of the interactions. The correspondence of the predicted hydration sites with the hydrogen-bonded protein side chains was significantly higher for bases inside the conserved DNA recognition sequences than outside those regions. In two CAP-DNA complexes, predicted base hydration sites correctly marked 71% (within 1.5 Å) of protein atoms, which form hydrogen bonds to DNA bases. Phosphate hydration was compared to actual protein binding sites in one CAP-DNA complex with 78% marked contacts within 2.0 Å. These data suggest that hydration sites mark the binding sites at protein-DNA interfaces.
INTRODUCTION
The influence of water on the conformation and interactions of nucleic acids has been the subject of many investigations (Berman, 1991 (Berman, , 1994 Westhof, 1993) ever since the structure of DNA was discovered to be dependent on the relative humidity (Franklin and Gosling, 1953) . Recently, the availability of a large number of single crystal structures of oligonucleotides has made it possible to use knowledgebased approaches to predict hydration sites around the bases in DNA helices (Schneider et al., 1993; Schneider and Berman, 1995) . These studies have established that the positions of the hydration sites are dependent on base type and DNA conformational class. Therefore, changes in base sequence and base morphology result in different hydration patterns. Further analysis of the hydration sites around DNA phosphate groups has also revealed that these hydration sites also depend on conformation and sequence (Schneider et al., 1998) .
It has been proposed that positions of protein-nucleic acid hydrogen-bonding interactions are "marked" by DNA hydration. That is, protein atoms involved in binding to DNA occupy positions normally occupied by water molecules in unbound DNA (Seeman et al., 1976) . To test this hypothesis, we have used the hydration site prediction method mentioned above to examine the interface of several protein-DNA complexes. The positions of the predicted hydration sites for DNA were compared with the crystallographically observed positions of protein side chains that bind to DNA. Special attention was paid to the conserved regions of binding to determine whether these sites are preferentially marked.
MATERIALS AND METHODS
Eleven structures were selected for study (Table 1) . Several contain the helix-turn-helix motif: CAP-DNA GCE (Parkinson et al., 1996a) ; CAP-DNA CON (Parkinson et al., 1996b) ; 434 repressor-operator OR1 (Aggarwal et al., 1988) ; 434 repressor-operator OR2 (Shimon and Harrison, 1993) ; 434 Cro-operator OR1 ; engrailed homeodomain-DNA (Kissinger et al., 1990) ; lambda repressor (Beamer and Pabo, 1992) ; Mat ␣-2 homeodomain (Wolberger et al., 1991) ; and the trp repressoroperator (Otwinowski et al., 1988) . The GAL-4 protein-DNA complex (Marmorstein et al., 1992) contains the leucine zipper motif and the ZIF268-DNA complex (Pavletich and Pabo, 1991) contains the zinc finger.
The intermolecular distances up to 3.5 Å between the DNA and the protein were calculated using the program BANG (Carrell, 1979) and DIST (Cohen et al., 1995) and potential hydrogen bonds were identified between hydrophilic atoms of the protein amino acid residues and the DNA bases and phosphates.
In all 11 protein-DNA complexes, the hydration sites of the DNA bases were predicted using the method developed by Schneider et al. (1993) . The bases in the DNA molecules of crystalline protein-nucleic acid complexes were overlapped by the hydrated building blocks that have been derived for each base from higher resolution B-DNA oligomer crystal structures (Schneider and Berman, 1995) . After superposition, the overall distribution of the water molecules around a DNA sequence was Fourier-averaged to obtain pseudoelectron densities. The positions of hydration sites were determined by manual-fitting the highest pseudoelectron densities using the program CHAIN (Sack, 1988) . The hydration sites predict positions where water occurs with the highest probability.
The phosphate hydration sites were also predicted for the CAP-DNA GCE complex (Parkinson et al., 1996a ) using the hydration model by Schneider et al. (1998) . First the phosphate groups in the backbone were classified according to whether they were in the BI or BII conformations. BI conformation was defined as having the backbone torsion angles (C3Ј-O3Ј-P-O5Ј) Ͼ 240°and ⑀ (C4Ј-C3Ј-O3Ј-P) Ͻ 210°; the BII conformation was defined with Ͻ 210°and ⑀ Ͼ 210°. Hydrated phosphate building blocks were then used to derive the hydration sites around the phosphates using a procedure analogous to the one used for predicting base hydration.
Distances between the predicted hydration sites and the protein atoms in contact with DNA were measured in all complexes. If the distance between the amino acid atom and the hydration site was within 1.5 Å for bases and 2.0 Å for phosphates, the amino acid position was considered as "marked" by the hydration site. Water molecules that bridge protein and nucleic acid atoms in protein-nucleic acid complexes were evaluated using the same criteria. The root-mean-square deviations (rmsd) between the hydration sites and either the experimentally observed water positions or the hydrogen-bonded protein atoms were calculated. A statistical zI test (Langley, 1971) was used to compare the number of marked protein binding positions to the number of unmarked sites to determine whether the number of predicted contacts is statistically significant.
RESULTS

The interface in CAP-DNA complexes
The predicted base hydration sites agree well with the protein contacts to the DNA bases in both CAP-DNA complexes analyzed (Fig. 1) . The rmsd values are close to 1 Å for the unbent DNA sequences that bind to CAP, and the average rmsd is 1.4 Å for the two bent DNA sequences 5Ј-TGTGA-3Ј and 5Ј-TCACA-3Ј. Fig. 1 illustrates the base and protein contact sites as well as how well the predicted hydration sites agree with actual positions of the contacting protein atoms.
The two CAP-DNA complexes have different DNA sequences and locally different basepair geometry, although their overall structures are virtually the same. A large bend of the DNA in both CAP-DNA complexes results in the fusion of hydration sites from various bases within the bend (Fig. 2) . Although the deviation from a typical B type conformation is very large, 71% of the contacts between protein and base atoms are marked within 1.5 Å.
There are 20 contacts between protein atoms and phosphate charged oxygens that are shorter than 3.50 Å; there are none to either O5Ј or O3Ј. These contacts are shown in Fig. 1 a, with the distances between protein atoms and their closest predicted hydration sites marked. Fifteen (75%) of the contacting protein atoms had a predicted hydration site within 2.0 Å, with eight atoms marked within 1.5 Å. The average distance from the hydration sites to protein atoms was 1.6 Å (estimated standard deviation, esd, 0.6 Å).
The consensus region (Parkinson et al., 1996a) , indicated in boldface in Fig. 1 a, has four protein nitrogen atoms that contact phosphates of residues 4 and 6 (Fig. 3) . The biochemically important contacts between R169 and T4 and its symmetrically related partner are both marked. FIGURE 1 The DNA sequences in the two CAP-DNA complexes for which protein interaction sites were predicted. Sequence (a) (Parkinson et al., 1996a) shows both base and phosphate hydration while sequence (b) (Parkinson et al., 1996b) shows only base hydration. The consensus sequences are bold. The interacting protein residues are indicated by one-letter amino acid codes. Triple dots indicate that the predicted sites are within 1.0 Å of the observed sites; double dots indicate the agreement is between 1.0 and 1.5 Å; single dots 1.5-2.0 Å. (Ͼ), the hydration site is Ͼ2.0 Å from the observed protein atoms.
The positions of the 57 crystallographically observed water molecules hydrogen-bonded to phosphate oxygens of the CAP-DNA GCE complex are predicted well. The average distance between experimentally observed water sites to predicted hydration site is 1.6 Å (esd 0.6 Å). Twelve water molecules, which represent 20% of all phosphate-bound waters, are associated with ester oxygens; these contacts constitute Ͻ15% of contacts in higher resolution B-DNA FIGURE 2 The interface between CAP and DNA GCE in the high resolution complex (Parkinson et al., 1996a) showing base hydration in the bent part of the sequence. The predicted base hydration is drawn as pseudoelectron density in cyan and the interacting protein residues are shown in dark blue. The region shown in this figure is shaded in Fig. 1.   FIGURE 3 A view of the three residues in the consensus region for the high resolution CAP-DNA GCE complex (Parkinson et al., 1996a) . The predicted phosphate hydration is drawn as pseudoelectron density in cyan, the interacting protein residues are shown in dark brown, and the phosphate groups are red. The protein atoms that contact the DNA are shown as blue crosses. The predicted sites are the red crosses.
structures (Schneider et al., 1998) . Overall, using 2.0 Å as a criterion, 71% of the water molecules bound to phosphate oxygens are predicted. Fig. 4 presents a summary of the analyses of base-protein interactions for the remaining nine protein-DNA complexes. For each DNA sequence, the crystallographically observed protein contacts, the indicators of how well the positions of protein atoms are predicted by the hydration sites and the rmsd values between the protein atoms and hydration sites are shown. Examples of the fit between the experimentally observed protein contact points and the predicted sites are shown in Fig. 5 . The overall agreement is good.
Base-protein interaction sites
The DNA at the interface of OR1 is straight and the contacts are well predicted (Fig. 4 a) . Fig. 5 a shows a typical example of how well the protein side chain fits into the predicted hydration site. The contact sites for OR2 are not predicted as well (Fig. 4 b) but are still within an acceptable range (Fig. 5 b) . The Cro-DNA interface is very well marked, as shown in Figs. 4 c and 5 c. The lambda-DNA interface is characterized by both water-mediated and direct contacts (Fig. 4 d) . Although the contact shown in Fig. 5 d is good , there are other contacts that are not as FIGURE 4 The nine DNA sequences for which protein binding sites were correlated with the predicted base hydration sites of the DNA. The consensus sequences are bold. The interacting protein residues are indicated by one-letter amino acid codes; water-mediated protein-DNA contacts are labeled "W." The closeness of prediction is coded as in Fig. 1 . good, such as the contacts involving serine 85 (Fig. 4 d) . Mat-␣2 contacts DNA in both conserved and nonconserved regions. The contact sites are well predicted in some cases and poorly predicted in others; for example, the interface between arginine R105 and basepairs 9 and 10 is poorly predicted, but the sites around adenine 16 are well predicted (Figs. 4 e and 5 e) . The pattern of interaction around Gal-4 involves both the side chain and the backbone atoms of the protein. Despite this complexity, the interaction sites coincide well with the predicted sites (Figs. 4 f and 5 f) . Of the proteins examined here, the engrailed homeodomain shows the poorest correlation between experimentally observed and predicted sites in terms of their rmsd (Fig. 4 g ), but the hydration densities and contacting protein atoms still correspond closely (Fig. 5 g) . Interestingly, this structure has the fewest interaction sites. In contrast, the zinc finger sites are uniformly very well predicted (Figs. 4 h and 5 h) and this interface also has the most interaction sites. Predictions for the trp repressor-operator, in which the protein-DNA interactions are mediated by water, are good (Fig. 4 i, not shown in Fig. 5) .
A total of 85 protein atoms make direct contacts to the DNA bases in the nine analyzed non-CAP complexes, and 73 of these atoms are within 1.5 Å of the closest hydration site. Therefore, at this cutoff we can consider that 86% of the sites are marked and there are significantly more marked than unmarked positions at a 5% confidence level. A majority of protein atoms hydrogen-bonded to DNA bases are side chain atoms; of those 77, 68 are marked, and of the eight main chain atoms that hydrogen-bond to the DNA bases, five are marked by hydration sites.
Water-mediated contacts are present in the lambda repressor complex, the phage 434/OR1 complex, the phage 434/OR1 Cro complex, the phage 434/OR2 complex, and the Zif268 complex. These are the only type of contacts in the trp repressor-operator complex. Quite significantly, of the 25 water-mediated contacts in the protein-DNA complexes examined, 24 of the sites were predicted within 1.5 Å.
Interactions in the conserved regions of the complexes
Conserved regions are those parts of the DNA sequence that are labeled by binding assays as crucial for specific protein-DNA binding. Of the 11 complexes studied, 10 contained regions of conserved bases, and for those the predictions of base-protein contacts based on the hydration model were compared in the conserved and nonconserved regions to determine whether the ratio of successful predictions is the same or different in both regions. Outside of the conserved regions, 54% of the bases that made protein contacts had those binding protein atoms marked by hydration sites. However, within the conserved regions, 86% of the bases that made protein contacts had at least one of the binding protein atoms marked by predicted hydration sites and 81% of the interacting bases in the conserved regions had all of the protein atoms involved in those contacts marked. Using the zI test at a 5% confidence level, there are significantly more marked contacts to bases within the conserved regions. On the other side, in the nonconserved regions, there is no significant difference between the number of marked and unmarked protein positions.
DISCUSSION
The concept of conserved hydration sites in water-mediated protein-DNA complexes has been explored by Shakked et al. (1994) who showed that the hydration sites in the recognition DNA sequence in crystal structures of both free DNA and of DNA complexed with trp repressor/operator (Otwinowski et al., 1988) are the same. In that case, the conserved water molecules mediate the protein-DNA contacts.
In the analysis presented here, we show that in direct protein-DNA complexes, the protein atoms that form hydrogen bonds to DNA reside close to the hydration sites predicted for free DNA. Analysis of 11 protein-nucleic acid complexes shows that the positions of the protein atoms are "marked" by these predicted hydration sites.
The CAP-DNA structure demonstrates that models of base and phosphate hydration shells mark the interacting protein atoms with approximately the same accuracy; 70% of the protein-base interactions are marked within 1.5 Å, and 78% of the protein-phosphate interactions are marked within 2.0 Å. The first hydration shells around phosphates and bases are independent of each other, as is revealed by the fact that there are no hydration sites common to both phosphates and bases, and there are no contacts made by the same protein atoms to both base and phosphate.
The average rmsd between the crystallographically determined water positions and the predicted hydration sites is 1.0 Å. Thus, the experimental water positions are accurately predicted by the hydration sites. This result reinforces evidence from previous studies that the hydration sites represent the position of the actual water molecules bound to the DNA bases or phosphates.
The algorithm used here to predict DNA hydration sites in protein-DNA complexes can be used to predict hydration sites around any DNA sequence with either experimentally determined or modeled 3-D structure. Therefore, hydration sites predicted around a sequence with, for instance, a known regulatory function yet with unknown protein-DNA structure can then be helpful in understanding potential binding of the regulatory protein.
The percentage of binding protein atoms that fit in the hydration sites is larger in the conserved regions than in the nonconserved regions. This result may be a reflection of the small number of protein-DNA base interactions outside of the conserved region. However, since interactions in the conserved regions are critical for high affinity protein binding, there might be another explanation. Protein-DNA interactions are energetically driven by interactions within the conserved region, and these interactions are therefore optimized. A good correlation between observed and predicted contacts in the conserved regions is then perhaps a corollary of the fact that the hydration sites represent the most probable and energetically most favorable binding positions for hydrophilic DNA binders. Binding outside these regions is energetically less optimized and correlation with the hydration sites is worse. Further analyses of DNA-protein com-FIGURE 5 Examples of the protein-DNA interfaces. The pseudoelectron densities are the predicted sites. The actual observed protein and DNA residues are shown. (a) OR1-DNA (Aggarwal et al., 1988) ; (b) OR2-DNA (Shimon and Harrison, 1993) ; (c) Cro-DNA ; (d) lambda-DNA (Beamer and Pabo, 1992) ; (e) mat ␣2-DNA (Wolberger et al., 1991) ; (f) gal4-DNA (Marmorstein et al. 1992 ); (g) engrailed homeodomain-DNA (Kissinger et al., 1990 ); (h) ZIF-DNA (Pavletich and Pabo, 1991) .
